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The energy distributions of electrons of about 53, 75 and 93 MeV have been meas- 
ured before and after passing through copper absorber of thickness up to 5.726 g/cm 2 
and lead absorbers of thickness up to 2.825 g/cm z. Earlier data for aluminum absorbers 
are reviewed. The electrons were accelerated by the LINAC of the Naval Postgraduate 
School. The most probable energy losses agree with the theory of Blunck and Westphal 
for all thicknesses; the half widths agree except for large thicknesses, where they are 
smaller than theoretical values for lead, in agreement for copper, and larger for alu- 
minum. Large numbers of electrons of energy less than 30 MeV are observed in the 
distributions of transmitted electrons, particularly for thick absorbers and higher 
values of atomic number. These are apparently the result of multiple processes in the 
absorbers. 
I. Introduction 
The energy distribution of an initially monoenerget ic  beam of elec- 
t rons which has passed through a layer of matter  has been calculated by 
Blunck and Westphal  ~. Their work  combines the effects of ionization 
and radiation losses, and is reviewed in our  previous paper 2 concerning 
the measured energy loss of high energy electrons in aluminum. The 
theory is expected to be valid only for absorbing layers which are suf- 
ficiently thin so that  the loss of energy is small compared  to the initial 
energy of the electrons, and for  electron energies which are large com- 
pared to the rest energy of an electron. 
Our  previous results indicated that  the theory can be considered valid 
for  absorber  thicknesses up to about  3 g/cm z of aluminum, but that  at 
greater thicknesses the predicted half width of the energy distribution 
of the transmitted electrons is not  in good  agreement with experimental 
data. 
In  this paper  we present additional data which concern absorbers of 
higher a tomic number  (copper and lead) as an extension of the earlier 
results obtained with aluminum. We find the following general trends: 
The half width increases rapidly with Z for  a given absorber  thickness, 
and is, in fact, difficult to measure for  lead even at thicknesses slightly 
* Work supported by The Foundation Program of the Office of Naval Research. 
1 Blunek, O., Westphal, K.: Z. Physik 130, 641 (1951). 
2 Bumiller, F. A., Buskirk, F. R., Dyer, J. N., Miller, R. D. : Z. Physik 223, 415 (1969). 
See this reference for additional references to experimental and theoretical results. 
186 F.  A. Bumiller ,  F.  R.  B u s k i r k  a nd  J. N.  Dyer :  
less than 3 g/cm 2. For all absorbers for which a half width can be meas- 
ured with any certainty at all, the most probable energy loss is in excellent 
agreement with the theory. 
We have extended our measurements of the energy distributions of 
the electrons which have passed through various absorbers to very low 
energies (about i0 MeV) and find that for thick absorbers there is a 
very pronounced distribution of low energy electrons starting at about 
30 MeV and increasing at lower energy. This is particularly noticeable in 
lead, and is less evident at lower Z. It is clear that this distribution results 
from multiple processes in the absorber (pair production and electron- 
electron scattering), but we have not yet established experimentally its 
dependence on absorber thickness or Z, except to note that for high Z 
and thick absorbers this distribution may contain more electrons than 
does the predicted distribution, which is spread about the most probable 
energy loss. 
In future experiments we intend to extend our measurements to other 
values of Z and to investigate in more detail the distribution of low energy 
electrons which has now been observed. As a conclusion to this work we 
hope to present modifications to the existing theory which will extend its 
usefulness to absorbers of greater thickness. 
II. Theory 
The theory discussed in Ref. z is briefly outlined below. According to 
the theory of Blunck and Westphal 1 the distribution in energy of an 
initially monoenergetic beam of electrons after passing through a layer 
of absorbing material is 
Q 
W(Q) dQ = ~ Wx(Q-X) Ws(x) dx dQ (1) 
0 
where W(Q)dQ is the probability of loss between Q and Q+dQ(MeV) 
in the layer. Wx and Ws are the energy loss distributions for loss by 
ionization and radiation alone, and x represents the amount of the loss 
by radiation. 
For Wj we use 
(~,-2~) 2 
Wz(Q)dQ=q~(2)d2=~ %~'" l / e  b~+~ d2 (2) 
v ~  . In 
where Q _ O + l n /  E , ~ _ I . l l  6 
2 =  aR t-d~-) (3) 
The expression above is a fit by a sum of Gaussian functions to the 
Landau distribution of energy loss by ionization 3 with corrections in- 
3 L a n d a u ,  L. :  J. Phys .  U S S R  8, 201 (1944), 
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troduced by Blunck and Leisegang 4. The values of the constants e., y., 2. 
and b are given by them. 
The quantity a is given in terms of the absorber atomic weight, atomic 
number and density, and fl(=v/c) of the electrons, by 
Zp MeV 
a = 0.154 ~fl-~ cm (4) 
Q is the average energy loss by ionization for electrons of incident 
energy E i. The best theoretical estimates of this quantity are those of 
Sternheimer 5-7, who gives 
Q=_~[B+O.43+lnEi_ f12+c_d(X_log lo  P '~ 
where t is the absorber thickness in g/cm 2 and the various constants are 
given in Table 1. 
Table 1. Sternheimer constants 
A B C d X m 
AI 0.074 16.77 -- 4.21 0.0906 3 3.51 
Cu 0.0701 15.09 -- 4.74 0.1 t 9 3 3.38 
Pb 0.0608 12.81 -- 6.93 0.0652 4 3.41 
For  Ws, the distribution of energy losses by radiation, we use 
~e~! Q 
where 
e = ( 1 . 4 0 x  10_3) p Z  2 [ 4  / 1 8 3 \  1]  
. ~ In ~--~--) +--~-J c m - '  




The experimental arrangement used for the measurements with copper 
and lead absorbers was the same as that previously used for aluminum 
absorbers and described in Ref. 2. 
Data  were obtained for electron energies of about 53, 75, and 93 MeV 
accelerated by the L I N A C  of the Naval Postgraduate School. The 
4 Blunck, O., Leisegang, S.: Z. Physik 128, 500 (1950). 
5 Sternheimer, R. M.: Phys. Rev, 88, 851 (1952). 
6 Sternheimer, R. M.: Phys. Rev. 91, 156 (1953). 
7 Sternheimer, R. M.: Phys. Rev. 103, 5II (1956). 
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primary electron beam was elastically scattered at 90 ~ from a thin 
(0.076 mm) aluminum foil and then passed through the absorbing 
material. The energy distribution of the scattered beam was measured 
with and without absorbers present by a 120 ~ magnetic spectrometer. 
The data taken at a given spectrometer setting represent the number 
of electrons detected by a coincidence counting system located at the 
exit of the spectrometer. The integrated current from a Secondary Emis- 
sion Monitor, which was calibrated against a Faraday Cup, served as a 
standard for normalization. Variation of the spectrometer field setting 
then yields an energy spectrum of the electrons before and after passing 
an absorber. 
The distance from the scattering foil to an absorber was maintained 
at about 2.2 cm for all measurements. Earlier experiments by Miller 8 
showed that experimental half widths are seriously increased if this dis- 
tance is not kept small. We have recently elaborated on Miller's ex- 
periments and measured the half width as a function of scatterer-to- 
absorber separation in order to determine what effect the geometry of 
our experimental arrangement might have on our results. We find that 
for separations up to about 6 cm the results are constant, but for larger 
separations the measured half widths increase. The reasons for this 
behavior are discussed in Ref. 8. Since in all of our measurements the 
absorber was sufficiently close to the scatterer we are confident that 
our measured half widths are not systematically in error. 
IV. Comparison of Experiment and Theory 
The measured energy distribution of the electrons after passing 
through an absorber is characterized by estimates of the most probable 
energy loss, Qp, and the full width of the distribution at one-half maxi- 
mum, which we designate as HW. The most probable loss is the energy 
separation between the peak of the distribution of incident electrons 
(after scattering by the foil) and the peak of the distribution after passing 
through the absorber. 
Because the electrons incident on the absorbers are not monoener- 
getic, the experimental results are not directly comparable to the theory, 
which predicts the distributions for a monoenergetic incident beam. 
Therefore, as discussed in Ref. 2, the energy spread of the incident beam 
has been folded into the theory with the aid of the IBM 360/67 com- 
puter of the Naval Postgraduate School. The theoretical values we 
report are those obtained after this folding and are thus directly compa- 
rable to the experimental results. 
8 Miller, R. D. : (MS Thesis) U.S. Naval Postgraduate School (1968). (Unpublished.) 
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t Qp (MeV) HW (MeV) 
(g/em 2) 
BW Experiment BW Experiment 
Theory Theory 
52.8 0.711 0.95 0.94 _ 0.05 0.50 0.52 _ 0.05 
1.423 1.88 1.87 -t- 0.10 0.82 0.84 _ 0.07 
2.134 2.89 2.87-+0.07 1.27 1.16-t-0.10 
2.845 3.96 3.80 _ 0.15 1.91 1.75 -+ 0.15 
4.295 6.28 6.23 _ 0.13 4.30 4.25 ___ 1.20 
5.726 8.90 8.83 -+ 0.20 not  obtained 
74.8 0.711 0.9I 0.92_+0.05 0.62 0.66_+0.07 
1.423 1.89 1.91 -+ 0.10 1.01 1.07-t- 0.10 
2.134 2.90 2.91_+0.10 1.51 1.43+0.15 
2.845 3.98 3.98 -+ 0.12 2.16 1.98 _ 0.20 
4.295 6.29 6.28 -+ 0.13 4.59 4.55 _ 0.50 
5.726 9.13 8.38___0.25 9.20 10.1 ___2.0 
94.3 0.711 1.01 0.95-t-0.10 0.69 0.74_+0.10 
1.423 1.95 1.94 + 0.10 1.12 0.99 _+ 0.10 
2.134 2.96 2.93 + 0.10 1.62 1.47 +_ 0.10 
2.845 4.08 4.00__ 0.10 2.31 1.75 __. 0.20 
4.295 6.30 6.40_+ 0.20 4.61 4.0 _+ 1.5 
5.726 9.30 9.20_+0.50 15.55 16.4 _+4.2 
Table 3. Results for lead absorbers 




BW Experiment BW Experiment 
Theory Theory 
53.9 0.706 0.83 0.81 __ 0.05 0.61 0.60 + 0.06 
1.412 1.41 1.45-+ 0.08 1.21 1.23 -+ 0.12 
2.118 2.65 2.64_+ 0.10 2.51 2.65 __ 0.25 
2.825 3.75 3.73 + 0.15 7.44 3.00_+ 0.50 
74.7 0.706 0.85 0.82 _____ 0.05 0.83 0.82 -I- 0.05 
1.412 1.80 1.80_____ 0.I0 1.40 1.47 _____ 0.07 
2.118 2.70 2.59-t-0.12 2.50 2.24__+0.19 
2.825 3.90 3.80+0.15 8.78 6.03___+ 1.00 
91.7 0.706 0.92 0.87 -+ 0.07 0.89 0.78 _ 0.08 
1.412 1.84 1.77 + 0.10 1.54 1.52 + 0.19 
2.118 2.84 2.75-t-0.12 2.85 2.74+__0.55 
2.825 4.04 3.88 + 0.20 not obtained 
O u r  r e su l t s  f o r  c o p p e r  a n d  l ead  a n d  t h e  c o r r e s p o n d i n g  p r e d i c t i o n s  
of  t h e  t h e o r y  of  B l u n c k  a n d  W e s t p h a l  1 a f t e r  f o l d i n g  a re  s h o w n  i n  
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Fig. 1. The most probable energy loss (Qe) 
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Fig. 2. Halfwidths (HW) vs. absorber 
thickness (t) at Ei= 75 MeV 
and theoretical values of Qp are in excellent agreement for all absorbers. 
Further, the measured half widths are also in good agreement provided 
that the absorbers are not too thick. For copper, the agreement extends 
to thicknesses up to about 5 g/cm z ; for lead, to less than 3 g/cm 2. Ex- 
perimentally, the half widths are difficult to measure accurately for the 
thicker absorbers because the energy distributions become wide and 
decrease very slowly with energy beyond the peak at Qp. Although we 
can not yet make a very definite statement, it appears from our present 
data on A1, Cu, and Pb that the measured half widths for thick absorbers 
tend to be systematically too large for A1, about in agreement with 
theory for Cu, and too small for Pb. This observation is supported by 
measurements in carbon made at Darmstadt, which indicate half widths 
for thick absorbers which exceed the theoretical values (Ref.9). Although 
this conclusion must be tentative because of the statistical errors in our 
measurements, it seems that the present theory may not correctly account 
for the variation of half width with Z. 
9 Theissen, H., Gudden, F.: Z. Physik 191, 395 (1966). 
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In Figs. 1 and 2 we have plotted our results for E i ~ 7 5  MeV in order 
to illustrate the general appearance of the data. The solid lines in these 
figures are the theoretical curves. Note in particular the small dependence 
of Qp on the absorber Z and the strong dependence of H W  on Z. The 
difficulty of comparing experiment and theory for thick absorbers is 
evident from the appearance of Fig. 2. The folding of the incident beam 
distribution into the theory prevents the half widths from reaching zero 
at zero absorber thickness. 
V. The Distribution of Low Energy Electrons 
During the course of this experiment we extended our measurements 
of the distribution of transmitted electrons to very low energies and 
discovered that in addition to the expected peak there are a considerable 
number of particles at energies below about  30 MeV. In Fig. 3 we show 
the measured distributions for the four lead absorbers, with E i ~ 91.7 MeV. 
In this figure the vertical scale is the same for the expected peaks at 
high energy and the low energy distribution not included in the theory. 
We do not have extensive data for all absorbers, but we have observed 
similar behavior in copper and aluminum. The importance of the low 
energy distribution decreases with Z;  for thin aluminum absorbers it is 
barely detectable. Our preliminary data indicate that there is not a 
strong dependence on El. I t  is not clear whether or not peaks actually 
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system probably distorts seriously the true shape of the distribution 
since at low energies electrons are not  able to pass through both counters. 
While we believe that it is clear that these electrons are the result of 
multiple processes in the absorbers - pair production and electron- 
electron scattering - we do not know what processes dominate or how 
these processes depend on the thickness and Z of the absorbing material. 
We intend to gather more data on this problem in the near future. 
VI. Discussion 
The theory of Blunck and Westphal gives excellent results for Qp 
in all absorbers for which we can measure this quantity. For  thick 
absorbers the measured half widths depart from the predictions of 
theory, being too large at low Z and too small at high Z. These conclusions 
are based upon our measurements in only three elements; aluminum, 
copper, and lead. We intend to extend this study to include tin, gado- 
linium, and beryllium in the future in order to establish the behavior of 
Q~, and HW as a function of Z with more certainty. 
The conclusions made in Ref. 2 that radiation losses have a small 
effect on Qe but a large effect on HW remain valid. The equations of 
Sternheimer for Qe, which account for ionization losses only, give fairly 
accurate estimates of the energy loss. On the other hand, no existing 
theory correctly predicts the HW of the distributions with much success 
except for thin absorbers. The theory of Blunck and Westphal is the 
most accurate, and appears to be quite good for middle-Z elements. The 
earlier theory of Landau underestimates the values of HW. It should be 
noted that none of these theories were intended to apply to absorbers 
as thick as those used in this experiment (in our thickest absorbers the 
electrons lose about 17 7oo of their incident energy). 
Finally, we note that the presence of large numbers of relatively 
low-energy electrons has not been well investigated and might be over- 
looked in a casual application of the theory of energy loss. While we do 
not believe there is anything of great theoretical interest involved here, 
the observation is of great practical importance for those concerned 
with the distributions of electrons which have passed through absorbing 
layers. 
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